ABSTRACT FRY, W. E., and P. H. EVANS. 1977. Association of formamide hydro-lyase with fungal pathogenicity to cyanogenic plants.
The role of toxic compounds in plant resistance is not Stemphylium loti [a pathogen of the cyanogenic plant well established. A frequently cited example is the onion birdsfoot trefoil (Lotus corniculatus L.)] and smudge disease, in which amounts of catechol and Gloeocercospora sorghi [a pathogen of the cyanogenic protocatechuic acid, found in pigmented onion scales are plant Sorghum vulgare Pers.] are relatively tolerant of correlated with resistance of onions to Colletotrichum HCN (8, 10, 19) . Tolerance was inducible by HCN and circinans (12, 13, 14, 15, 30) . However, there is little was associated with the appearance of the enzyme conclusive evidence in other pathogen-plant systems that formamide hydro-lyase (FHL), which converted toxic compounds in the plant are involved in resistance to hydrogen cyanide to formamide (HCONH 2 ) (9, 11) . pathogens. For example, although high alkaloid content Occurrence among cyanogenic plant pathogens of a in potatoes was not associated with resistance to means to detoxify HCN could explain the lack of Phytophthora infestans, Verticillium albo-atrum, or consistent correlation between cyanogenic glycoside Streptomyces scabies (5, 7) , there have been conflicting content and resistance. This study was done to determine interpretations of the significance of alkaloids in whether fungal pathogenicity to a cyanogenic plant is resistance of potatoes to Alternaria solani (7, 24) . correlated to ability to convert HCN to HCONH 2 via Confusion surrounding the role in plant resistance of a FHL and to estimate the extent to which FHL production plant toxicant may be due to differential sensitivies to the ability occurs among fungi. toxicant in fungi. For example, Septoria lycopersici, a pathogen of tomato, was capable of detoxifying a-MATERIALS AND METHODS tomatine, a glycosidic alkaloid found in tomatoes and potatoes (1). Detoxification occurred via enzymic
Fungi.--Thirty-one fungal species were represented in hydrolysis of one or more sugar residues from a-tomatine this study. Eleven species (15 isolates) are pathogens of (3). Tomato pathogens generally were less sensitive to a-cyanogenic plants; 14 species are pathogens of nontomatine than were fungi not pathogenic to tomatoes (2). cyanogenic plants; and six species are not plant Our studies concern the role of hydrogen cyanide pathogens. The individual species, source from which (HCN) in pathogenesis of cyanogenic plants by fungi. they were obtained, and an example of their pathogenic Hydrogen cyanide is released upon infection by capabilities are indicated in Table 1 . hydrolysis of cyanogenic glycosides (18, 19) . As is true for Pathogenicity of fungi reported in the literature to be many toxic plant compounds, correlations between plant pathogens of cyanogenic plants (Table 1) was tested in a resistance and cyanogenic glycoside content have not series of inoculation experiments. Fungi reported to been observed consistently (25, 27, 28) . This lack of cause disease of foliage (Table 1) were cultured on V-8 consistency is understandable if different fungi respond juice agar (20) at 22-25 C for 7-14 days. Suspensions of differently to HCN. If pathogens of cyanogenicplants are conidia in water containing 0.05% Tween-20 tolerant of HCN, no correlation between cyanogenic (polyoxyethylene sorbitan monolaurate) were atomized glycoside content and resistance would be expected. At onto foliage of the appropriate host plant. Plants then least two fungal pathogens of cyanogenic plants, were kept in a moist chamber at 20-27 C at 100% relative humidity for 24-48 hr, and then removed to a greenhouse bConfirmation of this pathogenicity was not attempted.
produced expanding lesions on appropriate hosts from inoculations (31), that S. sarcinaeforme is a pathogen of which the fungus could sporulate were considered to be the cyanogenic plant, white clover (Trifolium repens L.). pathogens of cyanogenic plants in our survey. Some However, in other experiments inoculation of S. fungi, such as Helminthosporium victoriae and H. sarcinaeforme onto white clover foliage resulted in carbonum produced very small lesions (2-3 mm in diam.) restricted lesions (1-2 mm in diameter) from which the on our sorghum genotypes, but these did not expand and fungus did not sporulate as long as the leaf remained thus these two fungi were grouped with pathogens of non-attached to the plant (31). Therefore, we grouped S. cyanogenic plants. sarcinaeforme with pathogens of non-cyanogenic plants. Fungi reported to be pathogens of roots of cyanogenic Pathogenic ability of most of the pathogens of nonplants were cultured on V-8 juice agar (20) or on V-8 juice cyanogenic plants was confirmed in a manner similar to broth (200 ml centrifuged V-8 juice, 800 ml water, 50 that described for pathogens of cyanogenic plants. The mmoles phosphate buffer, at a final pH of 7.0) at 22-25 C. lack of pathogenicity of the six fungi generally regarded Conidia and fragmented mycelium of Fusarium as saprophytes (Table 1) was not investigated.
moniliforme, Macrophomina phaseoli, and Periconia
Cell-free homogenates.-Cultures were started by circinata, were added to seedling roots of sorghum in a transfer of mycelium to 25 ml of V-8 juice broth in a 125-moist chamber. Appearance of root lesions indicated ml Erlenmeyer flask. Cultures in flasks were maintained pathogenicity. Pathogenicity of Mycoleptodiscus on a rotary shaker (100 rotations/ min) at 21-23 C under terrestris to birdsfoot trefoil seedlings was assessed by continuous fluorescent light. Mycelium was harvested planting seeds in soil infested with fragmented mycelium after 5-10 days growth, and the culture fluid was of M. terrestris. Pots containing seed and infested soil discarded. Mycelium from each flask in 10 ml of 0.05 M were maintained in the greenhouse at 18-30 C. Tris buffer (pH 8) was fragmented for 15-20 sec in a Preemergence damping-off indicated pathogenicity. In Waring Blendor and then homogenized (at 4 C) by all pathogenicity tests, plants or seedlings treated with shaking with glass beads (0.45 -0.50 mm diameter) for 60 autoclaved conidia or mycelium served as controls, and sec at. 4,000 cycles/min in a Bronwell MSK cell all pathogenicity tests were repeated at least once.
homogenizer. The supernatant fluid was decanted and the The appearance of expanding lesions on roots, foliage beads were washed once with 5 ml of 0.05 M Tris buffer or damping off of seedlings caused by a fungus indicated pH 8, and this washing was added to the supernatant. Cell to us that the fungus could colonize cyanogenic plant debris was removed by centrifugation for 20 min at 13,000 tissue. There was no attempt to reproduce field symptoms rpm (20,000 g) at 4 C in a Sorvall Superspeed RC2-B or to assess the relative amounts of disease caused by centrifuge with a SS-34 rotor.
various fungi.
Formamide hydro-lyase measurements.-Activity of
The pathogenicity of S. sarcinaeforme necessitates FHL in cell-free homogenates was estimated by explanation, for it is our view that it should be grouped measuring formamide over time at 25 C. Reaction with pathogens of non-cyanogenic plants rather than with mixtures contained 0.7 ml of HCN (100 mM) and 0. formamide hydro-lyase in Colletotrichum graminicola, Gloeocercospora sorghi, and Helminthosporium turcicum. were conducted within 24 hr of homogenization. Activity allowed maximum FHL production had not been is expressed as Mmoles formamide produced per minute. established. Preliminary experiments indicated that Activity of FHL was estimated both in homogenates of Colletotrichum graminicola produced relatively low induced and non-induced mycelium and protein FHL activities and that Gloeocercospora sorghi and concentration was estimated according to the method of Helminthosporium turcicum had high FHL activities. Lowry (16) . Mycelium was induced by incubating it in 1.0 Experiments were conducted with these three fungi to mM HCN 18 hr prior to homogenization (see Results determine the HCN concentration and induction period section). Non-induced mycelium had not been exposed to which enabled maximum FHL activities to be expressed HCN.
and to determine whether these values varied among For homogenates which contained FHL activity fungi with different capacities to produce FHL. Different greater than 1.0 4moles/min/mg protein, formamide amounts of HCN in 0.25 ml Tris buffer (50 mM) pH 8 production was confirmed by gas-liquid chromatography were added to 5 to 10-day-old cultures (25 ml) of C. of the reaction mixture utilizing a Varian Aerograph graminicola, G. sorghi, and H. turcicum. HCN was added Model 1520. The 635 X 2 mm stainless steel column was to the cultures only once, and the initial concentrations packed with Tenax GC, 246-to 147-Am (60-to 80-mesh) presumably decreased during the incubation period due (Applied Science Laboratories, Inc., State College, PA to FHL activity. The mycelium of each fungus was 18602 USA). Samples of reaction mixture containing homogenized 24 hr after addition of HCN and FHL approximately 20 mM formamide were injected in 2-activity was assayed. Maximum FHL activity generally Mliter aliquots; carrier gas was helium at 15 ml/ min, and was attained with 1-5 mM HCN (Fig. 1) . The optimum compounds were detected by means of flame ionization, induction period was estimated with the same species. Acetamide was used as an internal standard. Under these Mycelium was homogenized and tested at intervals after conditions the average retention time of formamide was addition of HCN (25 /Amoles in 0.25 ml 50 mM Tris buffer 126 sec at 130 C. pH 8) to 5-to 10-day-old cultures (25 ml). Maximum Unless indicated differently, each experiment was activity was attained at 12-18 hr after addition of HCN repeated at least once. (Fig. 2) . Because of these findings and because some fungi RESULTS were likely to be more sensitive to HCN than the three test species, the lower HCN concentration (1.0 mM) and Estimation of optimum conditions for formamide longer induction time (18 hr were consistent for replicate experiments, and the average of non-cyanogenic plants was not significantly different of these two values is reported. However, for a few fungi, from that for all fungi tested. assessments of FHL specific activities were not consistent in replicate experiments. For these fungi, FHL DISCUSSION determinations were repeated, and the standard deviation Our hypothesis is that a pathogen of a cyanogenic plant of the mean is indicated in Fig. 3 and 4 . For all except one must have a means of coping with HCN because toxic of the fungi which had specific activities of FHL > 1.0 concentrations of this compound may be released into the ,vmoles/min/mg protein the product of catalysis was environment of that pathogen during infection. assayed by gas-liquid chromatography. In all cases, a Detoxification of HCN by conversion to HCONH 2 via peak at the retention time of formamide was observed FHL is such a process. The induction of FHL activity in which corresponded to the concentration estimated via all pathogens of cyanogenic plants tested is consistent the colorimetric assay. The product of catalysis by FHL with our hypothesis. from Fusarium oxysporum f. sp. lycopersici was not Formamide hydro-lyase was constitutive or inducible assayed.
in 9 of 13 fungi pathogenic to noncyanogenic plants and Pathogens of cyanogenic plants produced moderate to in Neurospora crassa. We do not extrapolate to suggest high amounts of FHL after induction by HCN (Fig. 3) . that fungi with FHL ability should be pathogens of The specific activities ranged from approximately 4 to 66 ,imoles/min/mg protein. The average induced specific cyanogenic plants. We view the ability to cope with HCN activity for all pathogens of cyanogenic plants was 30 .1 s cncessary characteristic of a pathogen exposed to a #moes/min m prtei (sanarddevatin f te mantoxic concentration of HCN upon pathogenesis, and =moles/ min/ mg protein (standard deviation of the mean ability to produce FHL seems now to be the most likely = 5.9). Four species (C. graminicola, F. moniliforme, mode by which pathogens cope with HCN. We do not Macrophomina phaseoli, and S. lot) produced no view the ability to produce FHL as the only factor detectable non-induced (constitutive) FHL. For other aciiy necessary to confer pathogenicity to a fungus. pathogens of cyanogenic plants constitutive FHLactivity
The range of FHL-specific activities induced in ranged from 0.1 to 1.2 #tmoles/ min/ mg protein and the activity detectable in induced mycelium ranged from 50-pathogens of cyanogenic plants and in pathogens of non to 300-fold greater than that in non-induced mycelium. cyanogenic plants was very wide. We regard the pattern of Nine3of-folureteer fungal pathogs o non-inucdmy eliu. FHL distribution in each group to be a more meaningful Nine of fourteen fungal pathogens of non-cyanogenic parameter than the overall average level of FHL activity. plants produced detectable levels of induced FHL. Four The pattern of occurrence of FHL activity clearly fungi (Ascochyta imperfecta, F. oxysporum f. sp. associates pathogens of cyanogenic plants with FHL lycopersici, H. carbonum, and H. victoriae) had activity. moderate to high levels of induced FHL activity (Fig. 4) .
We cannot now account for the presence of FHLThe other nine species had either low or undetectable producing ability in a nonpathogen or pathogen of a nonlevels of FHL activity. Only three species (Botrytis cyanogenic plant. Several explanations are plausible. cinerea, H. carbonum, and Rhizoctonia solani) had First, some of these fungi may indeed be pathogens of detectable constitutive FHL activity. The increases of cyanogenic plants. For example H. carbonum and H. FHL activity in induced mycelium relative to that of non-victoriae, included as pathogens of non-cyanogenic induced mycelium for these three fungi were 4-, 48-, and plants in our study, produced high levels of FHL. In our 5-fold, respectively. The mean induced FHL activity for tests these organisms did not produce expanding lesions this group of fungi was 7.4 Amoles/min/mg protein on any of several sorghum genotypes. However, in other (standard deviation of the mean = 5.1). The mean of FHL tests, these fungi were regarded as pathogens of sorghum activity in this group of fungi was significantly less (P = (21) . If these two fungi should be regarded as pathogens of 0.02) than the mean for pathogens of cyanogenic plants. cyanogenic plants, then the association between level of Of six nonpathogenic fungi, FHL was detectable only induced FHL activity and pathogenesis of cyanogenic in homogenates of induced Neurospora crassa mycelium. plant tissue is even more striking. Second, FHL may be The mean induced activity in this group of fungi was 0.1 used to detoxify HCN which these fungi may encounter Amoles/min/mg protein. We could detect no FHL during saprophytic growth. Third, FHL may have a activity in cell-free homogenates of 10 fungi. In a function other than HCN metabolism. We feel this modification of these experiments, eight of these 10 fungi possibility is not likely because in preliminary tests only were tested again by inducing them with 0.1 mM as well as HCN served as a substrate or as an inducer of FHL. 1.0 mM HCN, and mycelial fragments were assayed for Stable nitriles such as acetonitrile, and propionitrile, at FHL. Again no evidence for FHL activity could be 1.0 mM did not induce FHL (W. E. Fry and P. H. Evans, observed, unpublished). To estimate the statistical significance of the FHLproducing abilities of the three different groups of fungi, LITERATURE CITED each fungus was placed into one of four categories of FHL-producing ability: 0 to < 0.1; 0.1 to < 1.0; 1.0 to < 
